Non-invasive measurement of body composition provides advantages in growth studies compared to conventional techniques. The same individual can be measured several times, the measurement is faster, and the number of pigs required as well as the random effect of animal are reduced. The aim of the present study was to determine the composition of the half carcass and of the ham/shank region by a whole body dual-energy X-ray absorptiometry (DXA) scan of the live pig using a Norland XR-26. Accuracy and precision of DXA measurement were evaluated by regression analysis between DXA-derived values and chemical analysis as well as dissection. Pigs of different gender were used covering a wide range of body weights and body composition. Single regression analysis for lean and fat mass revealed a close relationship between half carcass DXA and chemical analysis (R² = 0.97 and R² = 0.91, respectively) as well as dissection (R² = 0.99 and R² = 0.98, respectively). The prediction accuracy (R²) was lower for the tissue percentages than for the respective tissue masses. The relationship between live pig DXA and reference methods was close for dissected lean meat (R² = 0.90) and adipose tissue mass (R² = 0.93). For chemical lean and fat mass, R² were slightly lower. Multiple regression analysis using one to four independent variables improved accuracy of prediction. The composition of ham and shank could be predicted more accurately than the half carcass composition.
Introduction
Body composition is of great interest in animal science for the evaluation of feeding regimes, growth modifiers, keeping conditions and for genetic selection. The most widely used techniques are dissection and chemical analyses, but these are timeconsuming, expensive, and destructive. Conversely, a non-invasive technique allows measurements of the same individual at several times, e.g. before and after a treatment or during growth under differing conditions. This would also reduce the number of animals required. Dual-energy X-ray absorptiometry (DXA) is a non-invasive, accurate technique for the determination of bone mineral content and density, lean tissue and fat mass on the basis of whole body measurements. In numerous studies the applicability has been proven on pigs and a good precision has been shown (PINTAURO et al., 1996; KOO et al., 2002; CHAUHAN et al., 2003; SUSTER et al., 2003) . Dual-energy X-ray absorptiometry has been applied in growth studies with pigs (MITCHELL and SCHOLZ, 1997; DUNSHEA et al., 2003; PURSEL et al., 2004; SUSTER et al., 2006a) and is also able to demonstrate genetic differences (MARCOUX et al., 2005; MITCHELL et al., 1998c) . The software of commercially available DXA devices has been generated for the accurate determination of human body composition. Therefore, the raw DXA output has to be adjusted for pigs (MITCHELL et al., 1996 a, b; MITCHELL et al., 1998 a, b; SUSTER et al., 2003) . However, such calibration is necessary for each individual DXA device, because differences in the accuracy of DXA estimates of soft tissue composition exist among manufacturers and software versions (TOTHILL et al., 1999 (TOTHILL et al., , 2001 . Only few studies used live pigs for these evaluations (MITCHELL et al., 1996b (MITCHELL et al., , 2002 LUKASKI et al., 1999; SUSTER et al., 2003) . None of these studies compared DXA results with chemically or dissection-derived composition of half carcass. SCHOLZ & FÖRSTER (2006) were the first to predict the dissection-derived composition of half carcass by DXA scan of the live pig. The aim of the present study was to determine the composition of the half carcass and of the ham/shank region by a whole body DXA scan of the live pig using a Norland XR-26. Accuracy and precision of DXA measurements were evaluated by regression analysis between DXA-derived values and chemical analysis as well as dissection. Fattening pigs of different gender were used that covered a wide range of body weights and body composition.
Material and methods

Animals
A total of 50 German Landrace pigs (1 boar, 33 gilts, and 16 barrows) were obtained from the institute's swine facility. Since no gender effect on accuracy and precision has been observed (MARCOUX et al., 2003; PINTAURO et al., 1996; LUKASKI et al., 1999; SUSTER et al., 2003) we did not create separate prediction equations for gilts and barrows. Age ranged from 74 to 195 days. The pigs were selected for body weight to obtain an even distribution from 30 to 110 kg (Tab. 1). Feed was provided ad libitum. From day 70 to 133 of age, pigs received a diet containing 12.6 MJ ME/kg and 17.0% crude protein. From day 134 diet contained 12.4 MJ ME/kg and 15.5% crude protein. Prior to the scanning procedure, pigs were fasted for approximately 16 h. The pigs were transported to the institute's slaughterhouse where the DXA device was located in an adjoining room. Pigs were weighed on an electronic scale and sedated with a combined intramuscular injection of 10 mg ketamine hydrochloride (Ursotamin ® 10%, Serumwerk Bernburg AG, Bernburg, Germany) and 1.2 mg azaperone (Stresnil ® , Janssen-Cilag GmbH, Neuss, Germany) per kg body weight. Subsequently, pigs were anesthetized with an intravenous infusion of 23 mg ketamine hydrochloride and 2 mg xylazine hydrochloride (Xylazin 2% Riemser, Riemser Arzneimittel AG, Greifswald, Germany) per kg body weight. All animals were cared for and killed according to German rules and regulations for animal care. The experiment was approved by the institutional authorities and by the responsible office of the County of Mecklenburg-Vorpommern, Germany (Landesveterinär-und Lebensmitteluntersuchungsamt Mecklenburg-Vorpommern). Dual-energy X-ray absorptiometry Animals were placed on the scanner's table in a prone position with the hind legs extended and slightly tied together while the front legs were positioned along the side but kept away from the body by two wedges of foam plastic. DXA scans were performed in duplicate without repositioning of the pigs between the two scans. Body composition was measured with an XR-26 Bone Densitometer (Computer Software Version 2.5.3a, Norland Corporation, White Plains, NY, USA) in the whole body mode. This instrument utilizes a pencil-beam technology, scanning at crosssectional intervals of 13 mm with a scan speed of 180 mm/s. A dynamically changing samarium filtration system automatically optimizes the photon count rate for varying object thickness. The software provides predetermined regions on the scan image for calculation of the composition of different parts of the body. From an additionally defined region that covered the whole body, the whole body bone mineral density (BMD), bone mineral content (BMC), bone area and length of the object, lean mass (LM), and fat mass (FM) were determined. The DXA-derived body weight (DXA BW) was calculated by summarizing BMC, LM, and FM. Lean percentage (%LM) and fat percentage (%FM) were calculated by dividing LM and FM by DXA BW, respectively. Fat-to-lean-ratio was calculated by dividing FM by LM. The leg region was redefined on the scan image before analysis. It started at the anterior end of the pelvic bone and ended at the distal end of the femur and thus corresponds to the ham plus shank from dissection. All traits were measured and calculated as described for the whole body. After completion of the second scan, pigs were slaughtered and eviscerated. After 24 h chilling the right half carcasses were scanned in duplicate on the XR-26 device with the cut side down. As for the live pig, a whole body region was defined. The predetermined leg region could not be used for the half carcass. Therefore, an additional region was defined that covered the ham and shank. From both regions, traits were measured and calculated as described for the whole body.
Chemical analysis
Immediately after the DXA scan of the right half carcass, it was autoclaved, then ground and homogenized. Samples of the homogenate were analyzed for water/dry matter, fat, and ash according to standard methods (Association of Official Agricultural Chemists, 2000) . Fat content was obtained in triplicates via the Soxhlet extraction method using petroleum ether as the solvent and determined gravimetrically after evaporating the extracting solvent and protein was calculated by difference (KUHN et al., 1994) . Additionally, blood, internal organs, mesenteric fat, and leaf fat ("offal fraction") of each pig were pooled and analyzed for chemical composition as above for the carcass. Chemically-derived lean mass was calculated as the crude protein content plus water.
Dissection
Following a 24 h chilling, the left half carcass was dissected into primal cuts according to the German reference dissection method (SCHEPER and SCHOLZ, 1985) . Then the main primal cuts (loin, shoulder, ham, belly, tenderloin) were separated into lean meat, subcutaneous fat, intermuscular fat, tendons and connective tissue, skin, and bone. Back fat and neck fat were separated into skin and adipose tissue. The composition of the remaining parts was estimated using multiple regression equations (BRANSCHEID et al., 1990; HÖRETH, 2005, personal communication) . The tissue composition of the whole carcass was calculated by summarizing the respective measured and estimated components of the primal cuts. To avoid the influence of the person on dissection result, the main primal cuts were dissected by the same person. Adipose tissue, lean meat, and the mixture of bone, tendons, and skin from the combined ham and hind shank were also chemically analyzed.
Statistical evaluation
Statistical analysis was performed using the SAS statistical software (Version 9.1, SAS Inst. Inc., Cary, NC). Values are given as mean ± standard deviation unless stated otherwise. Repeatability of the duplicate scans was expressed as intraclass correlation (IC) coefficient. It was calculated from the covariance parameters from variance analysis. Single regression analysis was used to determine the relationship between values measured by DXA and the corresponding values from carcass analysis (chemical and dissection). The value from carcass analysis was regarded as the dependent variable and the DXA determined value was considered to be the independent variable. A stepwise regression procedure was used to obtain the best-fitting multiple regression equations. A significance level of P < 0.05 was set for variables staying in the equation. Potential independent variables for multiple regression were: BMD, BMC, LM, %LM, FM, %FM, area, length, DXA BW, fat-to-lean-ratio for whole body and leg region, respectively. The accuracy of the carcass composition estimation by DXA measurements was evaluated by comparing the adjusted coefficients of determination (adj. R²) and standard errors of estimation (SEE = root mean square error).
Results and discussion
Accuracy and precision of the Norland XR-26
The intraclass correlation (IC) coefficients were determined to test if two consecutive scans of the same animal yielded the same results and represent a measure for repeatability. The IC coefficients for the raw DXA output data (BMD, BMC, LM, and FM) from the half carcass scans were greater than 0.99. The IC coefficients for the whole live animal were greater than 0.95 for all considered variables. The values were smaller than described by PINTAURO et al. (1996) for the Lunar DPX-L densitometer. Slightly smaller IC coefficients (0.93) were found for FM and BMD in the leg region of the live pig. The lower repeatability of the measurement in the leg region of the live pigs can be caused by the influence of gut content, by movement of the animal during the scan or by determination of the region of interest. The accurate determination of body mass by DXA is of basic importance, especially if, like in our study, tissue percentages are calculated from tissue masses and the whole body mass. However, this is no guarantee for the correct differentiation of the bone, lean, and fat components, because one component could be overestimated at the expense of another component (ROUBENOFF et al., 1993) . The mean DXA BW was 1% less than the mean scale weight. There was also a small difference between the scale weight and half carcass DXA BW (Tab. 2). This discrepancy seems to be due to a systemic bias of the technology rather than imprecision in scale weighing. A minor underestimation of DXA tissue mass also occurred in numerous studies (KOO et al., 2002; MITCHELL et al., 1996a, b; MITCHELL et al., 1998a, b, c) . Nonetheless, there is a close relationship between live animal scale weight and DXA BW (r = 0.999; P < 0.001) as well as between half carcass scale weight and half carcass DXA BW (r = 0.999; P < 0.001). This has also been observed in other studies (MITCHELL et al., 1996a; PINTAURO et al., 1996; LUKASKI et al., 1999; CHAUHAN et al., 2003) . Table 2 Body composition of pigs (n = 50) from DXA of the live animal and the half carcass compared to chemical analysis and dissection of the half carcass. Values are means ± SD, range in brackets. (Körperzusammensetzung der Schweine (n = 50) aus der DXA-Analyse des lebenden Tieres und der Schlachthälfte im Vergleich zur chemischen Analyse und Zerlegung der Schlachthälfte. Mittelwerte ± Standardabweichung, Spannweite in Klammern). Lean mass from dissection, which corresponds to lean meat, was lowest because the skeletal muscle mass does not cover all of the protein and water existing in the body. The same observation was made by MARCOUX et al. (2003 MARCOUX et al. ( , 2005 and SUSTER et al. (2004) on pig carcasses and primal cuts. Consequently, the lean meat percentage from dissection (skeletal muscle) was lower (56.18 %) than the lean percentage from half carcass DXA and chemical analysis (76.21 and 78.25 %, respectively), which were similar. The mean DXA FM in the half carcass was 9.5 % less than that determined by chemical analysis. An underestimation of fat in the half carcass has also been observed by MITCHELL et al. (1998a, c; using pigs in a similar weight range as in the present study. As expected, the greatest fat mass was found by dissection because adipose tissue also contains water and protein.
Single regression analysis for lean mass (Tab. 3) revealed a close relationship between half carcass DXA and chemical analysis (R² = 0.97) as well as dissection (R² = 0.99). Furthermore, half carcass DXA FM was strongly related to fat mass from chemical analysis (R² = 0.91) and adipose tissue from dissection (R² = 0.98). Generally, the prediction accuracy (R²) was lower for the tissue percentages than for the respective tissue masses. The development of body composition during growth provides a possible explanation. The lean mass derived from the three methods increased with live weight, resulting in high correlations (data not shown). The R² was similar for prediction of chemical lean and dissection lean mass. The R² for lean meat percentage was lower probably because the lean meat percentage did not change with increasing live weight (Fig. 1a) . Therefore, a close relationship between lean meat percentage and DXA %LM is not possible. In contrast, chemical lean percentage decreased due to decreasing body water which is reflected in decreasing DXA %LM. On the other hand, adipose tissue percentage was strongly related to DXA %FM (R² = 0.89). Unlike lean tissue, the fat percentage increased over the live weight range independently of the method used (Fig. 1b) . The fact, that dissection ignores the intramuscular fat while chemical analysis and DXA are supposed to detect the whole fat in the half carcass, seems to have no effect. A compensation probably occurred by the inclusion of water and protein in adipose tissue and the increasing fat content in adipose tissue at the expense of water as shown in Figure 2 for subcutaneous fat from ham and shank. The effect of varying tissue hydration levels in growing animals has been discussed sufficiently (MITCHELL et al., 1998a, c; SUSTER et al., 2003 SUSTER et al., , 2004 SCHOLZ et al., 2007) . In brief, the function of DXA is based on the ratio of photon attenuation at the low energy level to attenuation observed at the higher energy. This ratio is called R value and is characteristic for each chemical element. Reference R values for pure fat and pure lean can be obtained by their theoretical chemical composition as well as by tissue phantoms. The composition of a bone-free pixel can be established from the measued R value and the assumed R values for the two respective components (PIETROBELLI et al., 1996) . A deviation of the actual R value of lean, e.g. by higher water content, would cause errors in partitioning fat and lean components (PIETROBELLI et al., 1998; ROUBENOFF et al., 1993) . In fact, the chemical protein to water ratio in the half carcass varied from 0.22 to 0.40 in the present study with individual differences, but a rising tendency with age.
In conclusion, there exists a close relationship between half carcass DXA and reference methods for body composition. Body composition from dissection was more accurately predicted by DXA measurement than body composition from chemical analysis with the exception of lean meat percentage.
Live animal scan
To predict half carcass composition from a DXA scan of the live animal, in a first step a single regression analysis was conducted with the DXA values from the whole body analysis as independent variables. In order to improve prediction accuracy a stepwise regression analysis was applied using DXA values from whole body and from the leg region as potential independent variables. We selected the legs as sub-region for two reasons. Firstly, it can be easily defined anatomically on the output image of the DXA software. Secondly, this region corresponds well to the ham and shank because no other primal cuts are located above or underneath and relatively few internal organs are included. The results are shown in Table 4 . The coefficients of determination for single regression were lower when derived from live pig DXA than those derived from half carcass DXA. This was expected, because the composition of the offal fraction was different from that of the half carcass. For example, the mean proportion of chemical fat in the offal fraction was 9.1 ± 4.1%, compared to 20.7 ± 6.8% in the half carcass. As expected, both the fat percentage in the half carcass and fat percentage in the offal fraction increased with body weight. However, the fat percentages of these two fractions had only a weak relationship of R² = 0.54, which points to large individual differences among the pigs. Whether these differences were due to different amounts of water in the gastrointestinal tract or to different fills of the abdominal fat depots cannot be concluded from the existing data. Also, the water content in the gastrointestinal tract causes overestimation in the DXAderived lean mass . As the offal fraction accounted for 20% (in heavy pigs) to 30% (in light pigs) of live weight, this could be an important source of discrepancies between results derived from half carcass compared to live pigs. Another source of inaccuracy is the fact that pigs lying in the prone position are relatively high. It is well established, that tissue thickness has a significant effect in physical models (JEBB et al., 1995; LASKEY et al., 1992; TOTHILL et al., 1994) . In vivo, this impact has not been confirmed. LUKASKI et al. (1999) compared whole body scans of pigs lying in the prone or side position and reported no significant effect of body thickness in the range of 16 -28 cm on accuracy. Although the Norland XR-26 used in the present study features a dynamic filtration which compensates for thickness differences, the Operator's Guide notes that inaccuracies and imprecision may occur at tissue heights above 20 cm. The relationship between live pig DXA and reference methods was close for dissected lean meat (R² = 0.90) and adipose tissue mass (R² = 0.93). For chemical lean and fat mass, R² were slightly lower. The relationship between DXA and reference method percentages, however, was weaker as has also been observed by SCHOLZ and FÖRSTER (2006) by comparing DXA measurement of live pigs with dissection of the half carcass. In the present study, prediction accuracy was satisfactory for dissectionderived fat percentage (R² = 0.71), moderate for chemical lean and fat percentage (R² = 0.60 and 0.65, respectively), but not sufficient to accurately predict lean meat percentage (R² = 0.26). Multiple regression analysis was used to detect the best fitting variables from DXA analysis for predicting half carcass composition. Stepwise procedure selected one to four independent variables. Variables from the leg region were frequently used, sometimes in addition to the respective variable from whole body DXA. For example, for the prediction of adipose tissue mass, FM of whole body, and FM of the legs region (legs FM) were selected. For both chemical lean and fat percentage, legs %FM was the best predictor. As expected, prediction accuracy increased as observed in other studies (PINTAURO et al., 1996; SCHOLZ and FÖRSTER, 2006) As the leg region covers less internal organs than other regions on the scan image do, we tested if the composition of ham and shank could be predicted more accurately than the half carcass composition. The results of single and multiple regression analysis are shown in Table 5 . Single regression analysis using DXA values from the leg region as independent variable resulted in coefficients of determination in the range of 0.90 to 0.93 for lean and fat masses and lower R² (0.35 to 0.71) for percentages. The prediction of chemical lean and fat percentage from DXA analysis of ham in the present study revealed greater R² than in a comparable study of MITCHELL et al. (1998 c) . Obviously, the composition of primal cuts like ham and shank can be predicted more accurately by DXA live pig scans than the composition of the half carcass. This was shown by better prediction accuracy for chemically-derived lean percentage, fat mass, and fat percentage (Tab. 5). The use of stepwise regression analysis improved prediction accuracy for ham/shank considerably. Compared to the regression analysis for prediction of half carcass composition, R² increased in the case of chemical analysis except for lean percentage. The reason for the better prediction accuracy can be partly explained by the underlying model of tissue composition in DXA devices. With only two X-ray energies, the lean and fat components can only be determined in areas that contain no bone. The proportions of fat and lean overlying and underlying bone must be estimated from neighboring pixels that contain no bone. Norland's fat distribution model for the whole body measurement assumes that fat is concentrated in the outer layers of the body and the proportion of lean is greater near the bone. For estimation of soft tissue composition in bone pixels, they use a weighted linear distribution model, with the pixels nearer the bone weighted more heavily in the regression (NORD and PAYNE, 1995) . This model is more valid in the limbs than in the trunk, because in the limbs the amount and composition of the soft tissue can be assumed to be similar behind and in front of bone. In contrast, adipose tissue in the trunk is not uniformly distributed. Therefore, soft tissue composition in the trunk is more difficult to estimate. In addition, the internal algorithms are optimized for humans, but pigs have a differing body shape. As LUKASKI et al. (1999) pointed out, the fore and hind limbs contribute less to body weight in pigs than in humans. Thus, a relatively larger proportion of soft tissue is located in the trunk and susceptible to inaccuracies. In studies on pigs where body composition is of interest, DXA is a useful technique. This technique can help in selection of animals for special purposes. In animal growth studies, DXA is able to detect changes in body composition by repeated measurements on the same individual. Some impacts on accuracy and precision of DXA are discussed in the previous section. However, the reference techniques are not devoid of being susceptible to inaccuracies either. Compared to the reference techniques, the main advantages of DXA are that it is non-invasive and much faster. Studies on changes in body composition during growth which use direct techniques like chemical analysis and dissection are based on slaughtering groups of pigs at various stages of age or weight. Using DXA would reduce the number of pigs required as well as the random effect of animal.
